Astrogeodetic vertical deflections (VDs) are gravity field functionals which are independent from any 20 other field observation such as gravity accelerations from gravimetry or geoid undulations from GPS 21 and geometric levelling. They may be useful for the validation of global geopotential models or 22 height transfer via GPS and astronomical levelling. VDs are sensitive to the local mass-distribution, so 23 can be used in geophysical studies, too. Over Southern Hemisphere continents in general and South 24 America in particular, VDs are exceptionally rare. This paper describes the reactivation of a unique 25 VD data set that extends over parts of the Andes Mountains in Venezuela. The VD data was acquired 26 1983 and 1985 with classical astrogeodetic instrumentation at 24 field stations along a ~80 km 27 traverse crossing the Cordillera de Mérida with observation site elevations as high as ~4,500 m. To be 28 compatible with modern geocentric gravity field products, the geodetic coordinates of the VD sites 29 were transformed from the historic (non-geocentric) Venezuelan reference system to the geocentric 30 ITRF2014, with residuals smaller than ~1 m. In the ITRF, the measured VDs have RMS signal 31 strengths of ~20 arc-seconds (North-South) and ~14 arc-seconds (East-West), with magnitudes 32 exceeding 60 arc-seconds at one benchmark. The observed VDs were compared against VDs from 33 GRACE, GOCE and EGM2008 data and from the ultra-high resolution GGMplus gravity maps. The 34
GGMplus model was found to capture ~85 to 90% (in terms of root-mean-square signals) of the 35 measured VD signals. Both VD components are in ~2 arc-sec agreement with GGMplus. Overall, the 36 agreement between observed VDs and modelled VDs is considered satisfactory, given the VDs were 37 measured in a topographically rugged region, where residual signals may be large and global models 38
are not well supported through regional terrestrial gravity data. The VDs may be useful, e.g., for the 39 assessment of high-frequency constituents of present and future high-degree gravitational models 40 (e.g., EGM2020) and calibration of model commission errors. The Venezuelan VD data is freely 41 available. 42
Introduction 45
Vertical deflections (VDs) are angular differences between the direction of the plumb line and some 46 geometric reference direction. With the ellipsoidal normal as reference direction at the Earth's 47 surface, VDs in Helmert definition are obtained (Jekeli 1999) . Global Navigation Satellite Systems 48 (GNSS), such as the Global Positioning System GPS (e.g., Seeber 2003) deliver geodetic coordinates 49 that define the ellipsoidal normal. The direction of the plumb line can be determined with 50 astrogeodetic instrumentation for star observation and precise timing equipment (e.g., Torge and 51
Müller 2012, p162ff). 52
Before the advent of satellite surveying techniques, regional best-fitting ellipsoids were often used as 53 reference for the geodetic coordinates. In that case, VDs are defined in a regional reference frame. 54
Opposed to this, VDs are globally consistent when a global geocentric ellipsoid aligned to the axes of 55 the International Terrestrial Reference System (ITRS) is used. When referred to a regional ellipsoid, 56
VDs are sometimes denoted as relative VDs, and, conversely, in case of a global geocentric ellipsoid 57 as absolute VDs (e.g., Rüeger 2000, Featherstone and Oliver 2013) . 58
59
The primary value of astrogeodetic VDs is their independence from any other gravity field observable 60 (e.g., gravity accelerations from gravimetry, gravity gradients from gradiometry, or geoid undulations 61 from GPS heights and geometric levelling), making them suitable for validation of gravity field models 62 (e.g., Jekeli 1999) . As another benefit, astrogeodetic VDs can be used for economic transfer of height 63 differences by combining the classical technique of astronomical levelling with GPS heighting (Hirt 64 2004). They are also suitable for geophysical study of the local mass-density distribution (e.g., 65 Tugluoglo 1971, Wildermann 1988 , Bürki 1989 , Somieski 2008 . 66
Historically, classical instrumentation such as theodolites or astrolabes were used for VD 67 measurements. In the ~1970s, photographic zenith cameras were developed to accelerate the field 68 observation (e.g., Wissel 1982 , Wildermann 1988 , Bürki 1989 (Wildermann 1988 ). The VD data has been 80 collected with a photographic zenith camera and astrolabe at 24 field stations and utilized in a case 81 study of the rugged gravity field of the Andes (Wildermann 1988) . 82
The goal of the present paper is to reactivate the Venezuelan VD data set for modern gravity field 83 studies. We start by giving a brief review of the VD campaigns and instrumentation deployed in the 84
Merida Mountains (Section 2). Then, the transformation of the original geodetic station coordinates 85 from the local network to the ITRS is described. This is crucially important to make the VDs 86 compatible with modern gravity field data that implicitly relies on global geocentric reference frames 87 (Section 3). The transformed VDs are then compared with VDs derived from two global gravity field 88 models of different spatial resolution, showing relatively good agreement between both data sets 89 (Section 4). Error sources affecting the quality of the VDs are discussed in Section 5 before an outlook 90 is given in Section 6. 91
The VD data set discussed in this paper can be rated as exceptionally rare. To the knowledge of the 92 authors, the Venezuelan VD data is one of the few -if not the only VD traverse data set -that is 93 available over the Andes in particular and South America in general. The data set covers one of the 94 topographically most rugged regions in the world, and extends over an elevation range of ~4500 m. 95
Opposed to other parts of the world, terrestrial gravity data sets are not very dense over Venezuela. Wildermann (1988) were to establish an extended geodetic control network for a) 117 deformation monitoring and b) determination of astrogeodetic VDs that enabled accurate physical 118 heighting and study of local gravity field and mass-density structures. The geodetic control network 119 (named "geotraverse") begins near Lake Maracaibo (BM 33 in Fig. 1 ), widens over the High Andes 120 network and ends near Ciudad Bolivia (BM 70), with a total length of ~80 km. The High Andes 121 network covers an area of ~25 km x ~15 km in the North-Western and South-Eastern Mountain 122 chains (highlighted in Fig. 1) . 123
For the measurement of the direction of the plumb line (defined through the astronomical 124 coordinates latitude Φ and longitude Λ), the transportable zenith camera TZK2 (Wissel 1982 near road junctions). The accuracy of orthorectified satellite imagery needs to be considered 166 over the highly mountainous terrain of the study area.
167
 The third option is to approach the transformation task as optimization problem, whereby 168 gravity field residuals (between ITRF-transformed field observations and predictions from 169
high-resolution models such as GGMplus, Hirt et al. 2013 ) are minimized as a function of the 170 transformation parameters "regional systemITRF". This idea conceptionally extends 171 analyses of gravity field residuals done by Featherstone and Olliver (2013).
172
 As a forth option, height residuals between ITRF-transformed BM coordinates (latitude, 173 longitude and height) and a sufficiently high-resolution digital elevation model (DEM) could be 174 minimized in a similar way as gravity field residuals in the previous option. 175
In this study, the first option (use of identical points) is fortunately applicable for most stations and the 176 second option (Google Earth) is used only at very few stations under specific topographic conditions 177 and as an additional check. The other variants could be useful in the future for the re-activation of 178 other historic gravity data sets without a sufficient number of identical points coordinated in historical 179 and modern coordinate frames. 180
The original network 181
Designed mainly for geodetic analysis, deformation purposes and monitoring plate motions at the 
New transformation 206
Considering the rather simplistic three-parameter connection between the original terrestrial network 207 and WGS72, it was decided for this paper to re-adjust the geodetic network coordinates using not only 208 translations, but also rotation components (rotX, rotY and rotZ). Because of the rather small network 209 extension of ~30 km, the scale factor between WGS72 and terrestrial local coordinates is fixed to 1.0. 210
This approach reduces the residuals well below the 0.5 m level. Table 2 ; only the remaining three sites have been located by Google Earth estimates. 278
Results and comparisons 279
The key result of this paper are the vertical deflections (VDs) computed from the original astronomical 280 coordinates (latitude Φ and longitude Λ) and the ITRF2014 geodetic coordinates (latitude , longitude 281 listed in Table 2 
which are preferred here over the somewhat less accurate linear approximations (cf . Torge and Müller  285 2012, p228). The VDs observed with the TZK2 zenith camera are reported in Table 3 and the VDs  286 observed with the Ni2 astrolabe in Table 4 . While VDs computed from the (historic) PSAD56-La Canoa 287 geodetic coordinates (cf. Wildermann 1988) are relative, the VDs reported in Table 3 and 4 are absolute 288 because of the geocentric ITRF2014 used for the geodetic coordinates. The absolute VDs can be used 289 for comparisons with VDs from geocentric gravity models (cf. Featherstone and Olliver 2013). Table 3  290 and 4 show large variations of our (absolute) VDs, with maximum xi-values reaching ~55" (BM 34) and 291 eta values as large as ~40" (BM 71). The total VD 292
exceeds a magnitude of ~63" for BM 34 that is located at the Northern slope at the Merida Mountains. 293
Some stations were occupied both with the TZK2 and the Ni2. For BM 4, the ξ differences are 1.40" 294 and η-differences 0.15". For BM 11, the differences are 0.33" in component ξ and 1.50" in η between 295 the two instruments (cf . Tables 3 and 4) , cautiously suggesting a precision at the 1"-level. Further 296 multiple occupations of the same BMs were not possible during the original campaigns. 297 We have compared the astrogeodetic VDs from TZK and Ni2 observations with VDs from global gravity 312 field models that represent gravity field information based on one or more of the three sources a) 313 satellite gravity measurements from the GRACE and GOCE missions, b) terrestrial gravimetry and c) 314 topographic mass models (DEMs together with mass-density assumptions). The models are: 315
1) The GGE (GRACE-GOCE-EGM2008) model, a combination of the Earth Gravitational Model 316 EGM2008 (Pavlis et al. 2008 (Pavlis et al. , 2012 (Pavlis et al. , 2013 ) with satellite gravity data from the GRACE and GOCE 317 missions (e.g., Pail et al. 2010 ) at long and medium wavelengths (see Hirt et al. 2013 for full 318 details). 319
2) The GGMplus plus model (see Hirt et al. 2013 ) that augments model 1) at spatial scales of 10 320 km to ~220 m with short-scale VD information predicted from the SRTM topography (Hirt et 321 al. 2014 ). 322
Fig 2 shows high-resolution VD maps over our study area based on these two models. VDs from model 323 1) have a spectral field resolution of ~20,000 km to ~10 km (or spherical harmonic degree 2190), while 324
VDs from model 2) take into account gravity field structures at spatial scales of ~20,000 km to ~220 m. 325
In both comparisons, VDs from the models are in Helmert definition (cf. Jekeli 1999; Torge and Müller 326 2012), which is consistent with the astrogeodetic observations. The Helmert definition was realised by 327 applying two corrections to the VD component ξ (to account for the curvature of the normal plumb 328 line and the ellipsoidal effect) computed from the model coefficients, as described in Hirt et al. (2010b, 329 Eqs. 5-8 ibid). Over our study area, the plumb line correction does not exceed values of 0.25", and the 330 correction for the ellipsoidal effect remains below 0.1". 331 Table 5 reports the descriptive statistics for the VDs from the astrogeodetic observations, from the 332 two models, and the differences between observed and modelled VDs. For this comparison, the VD 333 observations from the two instruments at BM 4 and at BM 11 were averaged, avoiding multiple VD 334 values at identical BMs. It is seen that observed and modelled VDs have similar signal strengths (RMS 335 of ~20.0 to 20.6" for ξ and ~14.3" to 15.0" for η, at the 24 BMs. The agreement between observed and 336 modelled VDs is found to be at the RMS-level of ~2.5" (ξ) and 2.8" (η), when the spectral model 337 resolution limited 10 km (GGE model). 338 VDs from astrolabe observations. Differences in red refer to the GRACE/GOCE/EGM2008 model 348 (resolution of 10 km), green differences refer to the GGMplus model (resolution of ~220 m). Unit in 349 arc-seconds. 350
The RMS agreement is improved to the level of ~2.0" for both components, when the model resolution 351 is extended to ~220 m (GGMplus), cf. Table 5 . This translates into a reduction of RMS of ~25% (ξ) and 352 ~35% (η) through inclusion of short-scale information from topographic mass models at scales of ~10 353 km to ~220 m. In terms of RMS signal strengths, the GGMplus model explains ~90% of measured VD 354 signals in North-South direction and ~86% in East-West direction. 355
A comparison between VDs measured with the TZK2 zenith camera at 16 BMs (Table 3) shows an RMS 356 agreement with GGMplus of 2.19" (ξ) and 2.04" (η); a similar comparison between the VDs measured 357 at 10 BMs with the Ni2 astrolabe (Table 4) and GGMplus yields RMS values of 2.02" (ξ) and 2.15" (η).
358
This comparison suggests that VDs from both instruments are of similar precision. 359
For all stations, Fig. 3 compares the residuals between observations and the two models GGE (red bars) 360 and GGMplus (green bars) for the zenith camera sites (top row) and astrolabe sites (bottom row). The 361 comparison show better agreement when a high-resolution model like GGMplus is used that is capable 362 of representing short-scale VD variations associated with the local topographic masses. However, Fig.  363 3 also suggests the possible presence of remaining systematic errors in either the modelled or 364 observed VDs, at the level of ~1" in both components (cf. mean values of the differences in Table 4 ). 365
Discussion 366
The geodetic coordinates of a classical VD data set have been transformed from the (historic) non-367 geocentric Venezuelan PSAD56-La Canoa to the geocentric ITRF2014, changing the geodetic latitudes 368 by ~330-360 m (11"-12") and ~180-200 m (6-7"), cf. Section 3. As a result, the VDs observed at 24 BMs 369 with classical instrumentation could be computed with respect to ITRF, cf. Section 4. The VDs were 370 found to agree at the RMS level of 2" with those from the currently highest-resolution global VD model, 371
and up to 90% of observed VD signals is explained through the model. Overall, the agreement of the 372 observed VDs with independent VDs from the GGMplus model is considered satisfactory, given the 373 extreme topography of the test area and a number of limitations affecting both to the modelled and 374 observed VDs. 375
Limitations of the observations 376
The observational precision of the Venezuelan VDs was assessed to be at the level of ~0.5-1.0", both 377
for the zenith camera (Wildermann 1988, p25 ) and the astrolabe observations (Wildermann 1988, 378 p34). The transformation of geodetic coordinates from PSAD56-La Canoa to the geocentric ITRF2014 379 could contain uncertainties at the level of few 0.1", as is indicated by comparisons with independent 380
BMs (see Section 3.3). The Venezuelan VD observations took place between 1983 and 1985, well 381 before the era of high-precision star catalogues from dedicated astrometry satellite missions. Such 382 star catalogues provide star positions with 1/1000 arc-sec accuracies in case of the HIPPARCOS 383 satellite (ESA 1997), or even better in case of the GAIA mission (Brown et al. 2016 ). Specifically, the 384 star catalogues available for processing the zenith camera (AGK3 catalogue) and astrolabe 385 observations (FK4) may contain errors of a few 0.1" (Wildermann 1988 p17ff) . Unfortunately, the 386 original observation records are not available anymore. These would have enabled a post-analysis of 387 the star catalogue error for the specific stars used for the astronomic reductions (e.g. through 388
comparisons with HIPPARCOS star positions) and possibly the computation of small corrections to 389 refer the observed latitude Φ and longitude Λ to the ICRS (International Celestial Reference System), 390 as realised through HIPPARCOS. 391
The zenith camera observations mostly took place at sites near roads, eccentric to the actual BMs of 392 the local geodetic network. The geometric differences (offsets) ∆ and ∆ between the observation 393 sites and BMs (often few 10s of meters) were applied as corrections to the (Φ, Λ coordinates [as listed 394
in Table 3 ] in Wildermann (1988) . This implicitly assumed that the VDs of the eccentric astrogeodetic 395 observation site and the actual BM are identical. However, particularly in rugged mountainous terrain, 396 the horizontal gradients of VDs can reach or even exceed values of 1-2" per 100 m, as is seen in Fig. 4 . 397
Because the horizontal gradients were not modelled, they act as additional error source affecting the 398
VDs from zenith camera observations reported in Table 3 . 399 An attempt has been made to work out the horizontal offsets between the centric geodetic BMs (cf. 409
Tab. 2) and the original astrogeodetic observation sites (eccentric to the geodetic BMs). From a 410 comparison between centric and eccentric astronomical coordinates (cf. (Table 2 ) and astronomical coordinates (Table 3 ) and compared the VDs with GGMplus, 414 giving slightly improved RMS agreement of 2.09" (ξ) and 2.02" (η), for the 16 TZK stations [instead of 415 2.19" (ξ) and 2.04" (η)]. The horizontal offsets ∆ and ∆ are documented in Table 6 . 416
Limitations of the models 418
Over Venezuela, the EGM2008 model (and, thus, GGMplus) is not as well supported by terrestrial 419 gravity observations at spatial scales of ~120 km to ~10 km, as over, e.g., Europe, Australia and North 420 America (cf. Pavlis et al. 2008 Pavlis et al. , 2012 Pavlis et al. , 2013 . As a result of the poorer model support through gravity 421 observations, the propagated uncertainty (also known as model commission error) associated with the 422 full EGM2008 band-width reaches amplitudes of 4" over the Merida Mountains test area (Fig. 5) . For 423 comparison purposes, the EGM2008 VD commission error is at the level of ~0.5" over flatter parts of 424 well-surveyed areas of Australia, Europe and North America, and increases to ~1" over mountainous 425 areas of these continents. While the uncertainty estimate shown in Fig. 5 is somewhat reduced through 426 the use of GOCE gravimetry (instead of EGM2008 information at spatial scales of ~80 to ~120 km) in 427
GGMplus, it is reasonable to consider the terrestrial gravity data basis as one of the key factors limiting 428 the model accuracy to few arc-seconds. Because of the classified nature of gravity data used in 429
EGM2008 over large parts of South America (cf. Pavlis et al. 2012 Pavlis et al. , 2013 , it is not possible for us to 430 investigate the density and quality of the Venezuelan gravity data that were used in EGM2008. 431
It is important to note that no gravity observations were used to support the modelled VDs at short 432 scales (10 km) Instead, the high-frequency VD signal constituents in GGMplus are solely based on 433 predictions using topographic models together with mass-density assumptions, and further 434 simplifications (cf. Hirt et al. 2014 ). Over areas with pronounced sub-surface mass-density contrasts, it 435 is entirely possible that the constant mass-density assumption of 2670 kg m -3 (that the GGMplus short-436 scale signal relies on) produces local model errors of up to 2-3" (e.g., Schack et al. 2018) . While the 437 predicted high-frequency component of GGMplus (spatial scales of ~10 km to ~220 m) was shown to 438 substantially improve the agreement with the observed VDs (compare variants "Observed -GGE" and 439 "Observed -GGMplus" in The re-activated Venezuela VD data set is -to the knowledge of the authors -one of the few, if not 466 the only astrogeodetic data set that exists in the Andes mountains in particular, and South America in 467 general. Despite the rather small number of stations, the VD data set might be of value to gauge over 468 one of the topographically roughest areas of South America improvements associated with future 469 gravity models, coming specifically with the development of EGM2020, or successor models to 470
GGMplus. Because of the traverse length of ~80 km, and station concentration on a local ~25 km x ~15 471 km area (Fig. 1) , the data set is expected to be useful in sensing the short-scale model performance at 472 or below scales of few 10s of km. Opposed to this, the suitability for testing satellite gravity data sets 473 is expected to be rather limited because of the ~100 km resolution level associated with satellite 474 gravimetry. 475
Together with two VD data sets available over Australia (Schack et al. 2018 , Claessens et al. 2009 ) and 476 the Venezuelan VDs described in this paper, there are now three VD data sets available "outside" 477
Europe and North America that have been recently deployed in validation studies. One of the key 478 benefits of VD data sets is their independence from other gravity field products and their sensitivity to 479 short-scale gravity field variations, making them an important data source for testing gravity field 480 products. 481
Compared to GPS/levelling data sets, VDs play a complementary role for gravity field validation (Hirt 482 et al. 2010b ). This is firstly because VDs are particularly sensitive for short-wavelength field 483 constituents. Secondly, without the need to perform geometric levelling, as in case of GPS/levelling 484 data, VDs can be measured today relatively easily even along traverses with large elevation differences 485 (e.g., few 1000 m, as in the Merida Mountains). Further extension of the scarce VD data base on 486 Southern Hemisphere continents would be desirable to improve testing capabilities for current and 487 future gravity field products. 488
As future work, dedicated VD campaigns, e.g. along ~200-400 km long traverses crossing the Chilean, 489
Peruvian or Ecuadorian Andes should be considered, deploying state-of-the-art astrogeodetic 490 instrumentation such as digital zenith cameras (Hirt et al. 2010) 
